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The plasma oscillations in a two-dimensional electron gas (2DEG) are discribed by the dispersion relation: 
Here, ω p is the plasmon frequency, n 2d and m * are the density and effective mass of the 2D-electrons, ε ≃ (1 + ε GaAs )/2 is the effective dielectric constant and q is the 2D-plasmon wave-vector. Under an external magnetic field B, applied perpendicularly to the 2DEG layer, the plasmons are transformed into the magnetoplasmons whose dispersion is:
where ω c = eB/cm * is the cyclotron frequency. In finite-sized 2DEG systems (e.g. a strip of width W ), an external electromagnetic radiation of frequency ω = ω mp excites confined plasmon/magnetoplasmon (MP) modes (standing wave oscillations) 2 with quantized values of q ≃ N π/W , where N = 1, 2, ... . MP resonances of a 2DEG have been studied by far-infrared and microwave (mw) transmission spectroscopy of small mesa arrays, 3 Hall bars and quantum dots, 4,5 as well as of a single 2DEG disk. 6 MP's were also studied by optically detected resonance utilizing the heating of 2D-electrons by mw radiation in order to modulate the photoluminescence (PL) spectrum. The PL modulation is resonantly enhanced at the magnetoplasmon resonances, thus providing a sensitive detection of confined 2DEG-magnetoplasmons that are excited in 2D-disks, rings and stripes of various sizes.
9
Interest in the physics of the 2DEG MP's has increased with the observation of mw induced resistance oscillations (MIRO), see references in 10 . In spite of extensive experimental and theoretical studies, the MIRO mechanism and the origin of zero-resistance states that emerge at high mw radiation power, remain unclear (see 10, 11 and Refs. there). Recently, it has been suggested that MP's play a significant role in the MIRO mechanism.
11,12
Indeed, the MP modes excited in a laterally confined 2DEG, give rise to a spatially-nonuniform electric field ε mp that may affect the B-dependence of mw-induced resistance of the sample.
13
Imaging of the ε mp -distribution produced by the MP modes is a challenging task. To the best of our knowledge imaging the 2DEG plasmon electric field has not been accomplished yet. In modern plasmonics, plasmon mode imaging was performed using sophisticated subwavelength resolution techniques 14 such as, for example, single molecule fluorescence induced by plasmons.
15
In this report we present the first observation of the spatial ε mp -distribution in standing MP-polaritons modes (coupled mw and plasmon electric field oscillations). These modes are excited by microwaves in a laterally-confined high-mobility 2DEG in GaAs/AlGaAs heterostructures and are imaged by spatially-resolved PL spectroscopy. Optical imaging of MP modes originates in the local PL spectrum modulation by electrons heated in ε mp . The MP pattern evolution with varying n 2d , B and ω is studied.
The samples were prepared from various GaAs/AlGaAs wafers having heterostructures that contain a high-mobility 2DEG. Modulation doped quantum wells (MDQW) of various widths (20-70 nm-wide) and single heterojunctions (SHJ) were grown by molecular beam epitaxy on (001)-GaAs wafers. The measured 2DEG density and mobility were in the range of n 2d = (0.2-2.0)·10 11 cm −2 and µ e = (2-15)·10 6 cm 2 /V·s, respectively. The sample bar (size of ∼ 1x4 mm 2 ) was placed near the open end of an 8-mm waveguide where mw radiation propagates in the TE 10 -mode (the mw electric field ε mw y), as shown schematically in Fig. 1a . ε mw was polarized in the sample plane and did not vary in the y-direction. 16 The external magnetic field was applied perpendicularly to the sample plane B z. The sample was immersed in liquid He at temperature T L = 2.1 -4.2 K. A Gunn diode provided mw radiation of frequency ω = 2πf , with f in the range of (33 -36.7) GHz and mw power P mw = 0.1-20 mW.
The sample was photoexcited with a laser diode (pho- ton energy of E L = 1.56 eV, below the Al x Ga 1−x As barrier bandgap) with light intensity below 10 mW/cm 2 . This photoexcitation did not affect the 2DEG properties (density and mobility). The 2DEG density was varied by optical depletion using a He-Ne laser excitation (E L = 1.96 eV).
7 PL imaging was done by focusing the diode laser beam onto a vertical strip (height ≃ 2 mm and width ≃ 0.25 mm) on the sample surface. The PL from the photoexcited strip was optically magnified and imaged on the spectrometer slit, dispersed in the horizontal direction and projected on a CCD matrix. The image on the CCD plane was both spatially-resolved (in the transverse y-direction, across the bar) and spectrally-resolved, with resolutions of ∼ 10µm and 0.1 meV, respectively. The longitudinal spatial resolution of ∼ 50µm (in the xdirection, along the bar) was limited by the spectrometer slit width.
The effect of mw-irradiation on the spatially-integrated PL spectra is demonstrated for a GaAs/AlGaAs SHJ sample (Fig. 1b) and for a MDQW sample (Fig. 1c) . The SHJ PL spectrum consists of free exciton (FE) 1S and 2S lines. These originate in the wide GaAs buffer layer. In addition, there is a weak, broad, low-energy PL band due to the radiative recombination of 2D-electrons near the interface with free holes (2De-h PL). 7, 17 Under mw irradiation, the 1S and 2S FE PL intensities strongly increase (solid curves) as compared to those at P mw =0 (curves with circle symbols). 7, 18 For the MDQW sample, 2De-h PL spectra are shown for two 2DEG density values (Fig.1c) . Under mw irradiation, the spectra broaden, and the PL intensity increases at high photon energies (gray-colored area), as compared to the spectra observed at P mw = 0. The mw induced changes in the 2De-h and excitonic PL spectra that are shown in Figs. 1b,c are due to mw-heating of the 2D-electrons. [7] [8] [9] [18] [19] [20] Fig . 2 shows the PL spectral variations along the excitation strip (y-direction) as imaged through the spectrometer. In order to enhance the image contrast in the high-energy part of spectra, the PL intensity signal was amplified (so that the PL intensity at low energies is saturated) and in addition, the images were obtained at different P mw . Columns A and B show PL images of a 0.85 mm-wide MDQW sample that were obtained for two n 2d -values. The PL images shown in column C were measured with a 1.3 mm-wide SHJ sample. Without mw irradiation (Fig. 2, first row) the PL spectra do not vary in the y-direction, and the images are spatially uniform.
A PL variation along the y-direction emerged under mw-irradiation. In particular, the PL spectral width changes irregularly as seen in Fig. 2 row 2 , column A. When the 2DEG density was tuned by optical depletion, a remarkable spatially-periodic oscillations appear at certain n 2d -values (Fig. 2 row 2, column B and C ) . The spatial period decreases with decreasing n 2d (Fig. 2, columns  A and B ) . For a given n 2d , the spatial periodicity disappears with increasing B, and re-emerges at certain Bvalues. The spatial period increases as B increases (Fig.  2, rows 3-5) . Varying P mw does not affect the spatial period. The most noticeable spectral changes seen in Fig.2 occur at high emission energies. In particular, we observe that the 2S FE line (at 1.518 eV) in the SHJ sample is a sensitive probe of the mw-induced changes in the 2DEG due to the remote interaction between the 2DEG and the excitons.
7,17
The physical mechanisms causing the mw-induced changes in the PL spectra were previously studied, and these result from an increased 2D-electron temperature T e .
7,18-20 Therefore, we attribute the pronounced spatial modulation of the PL spectrum to a lateral variation of T e (y) arising under mw-heating. Because T e increases proportionally to the local |ε mp (y)| 2 (for T e ≥ 2 K 21,22 ) the ε mp (y)-dependence can be extracted from the PL image. Indeed, ε mp (y) heats the 2D-electrons locally, giving rise to a T e (y) distribution. The decay length of T e can be estimated as ∼ v F τ E ∼ 10 µm (here, v F ∼ 10 6 cm/sec and τ E ∼ 10 −9 sec are the electron Fermi velocity and energy relaxation time, respectively). Since this length is small relative to the the ε mp (y) wavelength, the T e (y) distribution closely follows the ε mp (y) dependence. Thus, the PL imaging in the presence of mw-irradiation allows us to obtain the spatial ε mp -distribution in the excited MP modes, while the external mw-field ε mw (y) is uniform.
16
The observed spatial periodicity of the mw-induced PL spectrum modulation indicates that ε mp has a periodic distribution that is a specific to each MP mode excited in the 2DEG plane by microwaves. For some B and n 2d values, more than one MP-mode can be simultaneously excited. Then, a superposition of MP-modes gives rise to a spatially irregular PL modulation as observed in Fig.2 row 2, column A (n 2d =10 11 cm −2 , B=0). PL imaging was also performed along the sample bar (in the x-direction), and a strongly non-uniform distribution of T e (x) was observed. We attribute this T e (x) dependence to the non-uniform ε mp (x) that is due to excitation of high-order longitudinal MP-modes along the bar.
The intensity of the high-energy spectral part of the 2De-h PL in MDQWs as well as that of the 2S exciton line in SHJ increases monotonically with increasing local T e ∝ |ε mp | 2 . Thus, the spatial profile of the mwinduced PL is used to map the MP-electric field with submw-wavelength resolution. Fig. 3 shows the variation of the PL intensity (integrated over the energies marked by gray blocks in Fig. 1 ) across several MDQW bars. Thus, these traces display the |ε mp (y)| 2 -distribution in the 2DEG plane.
The two lower traces in Fig. 3a were obtained for two P mw = 1 and 4 mW at B = 0. They show that |ε mp (y)| corresponds to a confined MP-polariton transverse mode having q ∼ 4π/W (N = 4). The mode patterns are independent of mw power, and increasing P mw causes a saturation of the peak intensities and a smearing of the spatial PL profile. The other three curves in Fig.3a are maps of |ε mp | 2 of the MP modes excited for several magnetic field strengths. These curves show that transverse MP modes with N = 3, 2 and 1 are excited as B increases. Note that ε mp almost vanishes at the sample edges which corresponds to the boundary condition for excitation of MP standing waves. 2 dependence at B = 0 for several 2DEG densities tuned by optical depletion (n 2d was estimated independently from 2De-h PL spectral width at P mw = 0). Fig. 3c demonstrates the effect of varying the mw-frequency on the ε mp distribution. The |ε mp | 2 profiles shown in Figs. 3a, b, c yield the confined MP-mode wavelength dependence on B, n 2d and f that corresponds qualitatively to Eqs. 1 and 2.
For the transverse MP modes, the dispersion relation is given by Eq. 2 and can be presented as:
In Fig. 4 , circles show the MP wavelength λ = 2W/N obtained from the PL pattern (as in Fig. 3 ) measured at B-values when the PL spectral broadening reaches its maximum. The measured dispersion of the transverse MP modes is well fitted by the solid curve that displays the dependence given by Eq. 3. These measurements were performed on a narrow (W = 0.5 mm, L = 3 mm) sample bar (L ≫ W ) where excitation of high order longitudinal modes in the x-direction, is impeded. Here, we do not consider the effects of retardation on the MP dispersion 9 because these are unimportant for low 2DEG densities. Thus, mw-irradiation of the sample generates strongly non-uniform distribution of the internal mw field ε mp (x, y) that varies with the magnetic field. Our study was carried out under the same conditions (in particular, the sample properties and geometry of the experiment) as those used in MIRO experiments. We propose that the observed spatial variations of |ε mp | and T e should be incorporated in the MIRO physical mechanism which is now under intensive discussion (see Refs list in 10, 13, 24 ). The reason is that in measuring mwphotoresistance the integrated effect of the ε mp (x, y) and T e (x, y)-distributions is probed. While writing this manuscript we became aware of Mikhailov's paper 13 where the MIRO is explained by a 2DEG density modulation on the micron-wide ranges near the metal contacts as a result of a strongly-inhomogeneous |ε mp | 2 . It should be noted that the MP modes could be imaged only in the highest mobility 2DEG samples (µ e ≥ 2 · 10 6 cm 2 /V·s). In samples of lower mobility (below 10 6 cm 2 /V·s), a uniform PL modulation was observed. This is probably due to a large broadening of the MP modes and could explain the absence of the MIRO in low mobility 2DEG samples.
In conclusion, we present, for the first time, optical imaging of the internal electric field for magnetoplasmons that are excited by microwaves in a laterally confined two dimensional electron gas. This was done by monitoring the mw-induced spatial and spectral photoluminescence variation. Non-uniform patterns of the local internal microwave electric field ε mp (x, y) were observed, and they are due to excitation of high-order magnetoplasmon modes. Therefore, the ε mp (x, y) -inhomogeneity as well as the non-uniform local electron temperature distribution that arises under increased mw-power, should be considered as a central factor in the research of microwave induced effects in a 2DEG (such as MIRO and optically detected magnetoplasmon resonances).
